ABSTRACT Fluidized beds offer a potential improvement of reverse osmosis processes for food liquids, less fouling of the membrane, and reduced energy consumption. Our experiments were concerned with tubular systems in which fluidized beds of glass, steel, and lead beads were used. Glass beads appeared to be preferable, since they caused little damage to the membrane. Only with the larger glass beads (3 mm) did the membrane skin become corrugated, so that the rejection decreased. The permeate flux for Gouda cheese whey was almost equal to that of an empty tube for which the velocity was about thirty times higher. The erosive action of the glass beads on the fouling layer was partially responsible for this effect. For reverse osmosis of skim milk and potato fruit water the bed did not reduce the fouling layer to a sufficient extent and, therefore, had a lower permeate flux than an empty tube.
INTRODUCTION
AFTER the energy crisis in 1973, reverse osmosis (RO) of cheese whey became a point of interest in the Netherlands. One of the main reasons for this interest was the reduction in energy costs that can be reached by RO, in comparison with the costs of evaporation (De Boer et al., 1977) . At the moment a number of industrial plants have been installed which concentrate the Gouda cheese whey two to three times. Concentration is done at the temperature of cheese making (about 3O'C) or after cooling to 10 or 18'C. After this treatment the whey is transported directly to centralized plants, or, occasionally, additional evaporation is carried out. In addition to the dairy industry, the potato starch industry shows growing interest in RO, in order to solve the big effluent problems that are encountered in the northern part of this country (Meindertsma, 1980) . In this process the potato fruit water is concentrated to half its volume in a tubular system at ambient temperature, before being processed into denatured potato protein.
Our investigation concerning food liquids was a continuation of the work conducted by Van der Waal et al. (1977) , who made use of glass beads in a tubular membrane system for RO of a salt solution. The conclusion drawn from their work was that with a fluidized bed the same mass transfer coefficient can be reached as that in an empty tube, with only about 5% of the circulation energy. Damage to the membrane surface could not be observed when glass particles were used with a diameter of 0.7 mm or smaller. In addition to the literature review presented by Van der Waal et al. (1977) , a short review of the effects of turbulence promoters in membrane processing of some food liquids is Lowe and Durkee (1971) used beads of acrylic resin in a plate-and-frame RO equipment for the concentration of orange juice. A threefold flux improvement appeared to be possible, and a certain capability of self cleaning was also mentioned. Peri and Dunkley (1971) used static rods as turbulence promoters, which in the concentration of cottage cheese whey effected a threefold increase in permeate flux. However, they compared the effect of the turbulence promoters with results of empty-tube experiments at velocities of 1 O-40 cm/s, while in industrial installations velocities of > 2 m/s are normal at the moment. In our study we tried to reduce the velocity and thus the energy consumption by using fluidized beds in a specially constructed tubular RO test equipment. Of three food liquids of different composition, sweet Gouda cheese whey, skim milk, and potato fruit water, numerical data about permeate flux and permeate quality were collected. These data were compared with the results obtained in the emptytube experiments at flow rates normally used for industrial installations.
EXPERIMENTAL

Apparatus
The test equipment (supplied by Wafilin BV, Hardenberg, the Netherlands) consisted of 20 parallel tubes 1.5m in length, each followed by a transparent transport tube of 0.2m (Fig. 1 ). The tubes, in which the tubular membrane with a diameter of 14.8 mm was contained, were mounted in a vertical position. The celluloseacetate membranes had a rejection for sodium chloride of 92.5%. The maximum membrane area of thg equipment was 1.3 m2, which made the test equipment less suitable for concentration experiments. The experiments were therefore carried out at constant volume reduction with recirculation of the permeate. For the comparison between fluidized-bed and empty-tube equipment the number of tubes in the installation was reduced to ten; due to the high velocity of the feed (2 m/s) required in the empty tube, only one of the tubes could be used as an empty tube. The fluidized bed particles used were glass, steel, and lead beads. The diameters of the glass beads (supplied by Tamson) were: 0.4, 0.7, 1.0, 1.3, 2.0, 3.0, and 4.0 mm, and the mass densities were 2890, 3500, 2670, 2870, 2500, 2580, and 2610 kg/m3, respectively. The steel beads had diameters of 1.0 and 2.5 mm, their mass density being 7640 and 7820 kg/m3, respectively. The lead beads had a diameter of 3.0 mm and a mass density of 10 400 kg/m3. Besides the diameter and type of material, the bed porosity (E) also varied. It was defined as the volume of the empty tube minus the volume of the beads, divided by the volume of the empty tube. A critical point in the use of fluidized beds is the starting-up procedure. Prior to each experiment the installation was rinsed with water. The flow rate and pressure were increased slowly, until all the fluidized beds were visible in the transparent transport tube at the desired pressure. During switching over to whey, skim milk or potato fruit water the fluidized beds had to remain visible; meanwhile the pressure (3-4 MPa) and the flow rates were adjusted. After completion of each experiment the installation was rinsed with water and subsequently cleaned with an enzymatic detergent (Tergazym, 0.5% adjusted to pH 8 with citric acid, temperature 30°C period 1% hr). During cleaning the beds remained fluidized. Then the installation was rinsed again with water and finally disinfected with a sodium hypochlorite solution (50 mg/liter active chlorine, period % hr).
Feed solutions
Gouda cheese whey, skim milk, and potato fruit water were used as feed solutions. The composition of the cheese whey was roughly 5.5% total solids, 0.75% protein, 0.5% ash, 0.2% organic salts, and 4.0% lactose (pH 6.5). The skim milk contained 8.9% total solids, 3.4% protein, 0.7% ash, 0.2% organic salts, and 4.6% lactose, (pH 6.7). The potato fruit water consisted of 5.2% total solids, 2.9% protein, 1.2% ash, and 0.8% carbohydrates (pH 6.0). The potato fruit water was used directly after manufacture. The skim milk and cheese whey were first pasteurized (67"C/lOs and 72"C/lOs, respectively) and subsequently cooled to 4°C.
Membrane photographs
The membrane surfaces were studied by means of a scanning electron microscope. Photographs were taken after the membranes had been dried and carbon and gold had been deposited on the membrane surface.
Analytical methods
Total solids content by drying in an oven at 105°C. Protein content by the Kjeldahl method (protein factor 6.38). Ash concent by drying in an oven at 105°C and heating in an electric muffle furnace at 550°C for at least 8 hr.
Calcium, sodium and potassium contents by flame emission. Chloride content according to IDF 17A (1972) . Lactose content according to the procedure of Luff-Schoorl (1929) .
Bacterial count by the spiral plate method according to Gilchrist et al. (1977) , counting medium plate count agar with 1% milk.
The number of population equivalents (PE) was calculated with the formula: PE/m3 =h (COD + 4.57 N), where COD and N are both expressed as mg/liter, COD was estimated by a bichromate method according to NEN 3235 5.3.
RESULTS&DISCUSSION
Changes in the membrane skin caused by fluidized bed particles One of the main problems concerned with the use of a fluidized bed in an RO system is the risk of the membrane becoming damaged due to the continuous bombardment by the beads. From the point of view of preventing such damage and of limiting energy consumption, beads with a small diameter and a low mass density are desirable. On the other hand, from the viewpoint of mechanical cleaning of the membrane by the fluidized bed, which may be more important with food liquids than with salt solutions, larger and heavier beads which increase the erosive action are to be preferred. These conflicting demands were the reason that the beads were varied as regards mass density and diameter. In addition to these points, the hardness of the beads and the bed porosity may also play a role in the damaging of the membrane. The number of collisions per unit membrane area per unit of time will be proportional to bed porosity. In Table 1 some characteristics of various fluidized beds are given. It is shown that the desired velocity for fluidization is different for glass, steel and lead. The higher the mass density and bed porosity, the higher is the flow velocity required for fluidization. A measure of the damage to the membrane is the total solids content of the permeate. The steel (d = 2.5 mm) and lead (d = 3 mm) beads were found to damage the cellulose acetate membranes to such an extent that the total solids content of the permeate was about ten times higher than when glass beads (d = 3 mm) were used. With the use of steel beads the total solids content of the permeate increased within 30 hr from 0.2 to 2.0%, whereas with glass beads the total solids content remained constant at 0.2% during a process time of 200 hr. The relatively good condition of the membrane after RO of concentrated whey when a fluidized bed of glass beads had been used may be explained by the lower momentum of the particles, which is the result of their low mass density and relatively low velocity (the velocity in Table 1 was calculated on the basis of an empty tube). Hardness and bed porosity seemed to be of less importance. The damage to the membrane skin after exposure to lead beads is illustrated by the photographs (Fig. 2a) . Figure 2b shows that even after chemical cleaning some deposits are left in the damaged parts. These deposits soon restrict the permeate flux, which in the beginning was higher than that obtained with glass beads. Deposition occurred particularly when heavily fouling feeds, such as skim milk and potato fruit water, were used. Steel beads had about the same effect as lead beads. Glass beads (d = 3 mm) appeared to cause no serious damage (Fig. 2c) , but the skin of the membrane became corrugated. We have the impression that the corrugated skin was formed at the very beginning of the fluidized-bed experiments. This idea is supported by the fact that the total solids content of the permeate did not change under the same process conditions if the process time was increased. A corrugated membrane surface was not found when glass beads with a diameter below 3 mm were used. It is to be noted that the diameter at which glass @3mm steel @ 2.5 mm lead @3mm beads caused damage to the membrane is much larger than in the study of Van der Waal et al. (1977) , which was < 0.7 mm. Except for an improvement of the start-up procedure in the present study, it is probable that in the case of food liquids a gel layer acting as a secondary membrane, plays a role in decreasing membrane damage (Hiddink et al., 1980) . Composition of whey permeate in a fluidized bed consisting of glass beads Because the exposure of the membrane to a fluidized bed of glass beads (d = 3 mm, E = 0.8) may influence the separation efficiency, the composition of whey permeate in comparison with that of whey permeate in an empty tube (velocity 2 m/s) was examined (Table 2) . At three levels of total solids content of the whey, the total solids content of the fluidized bed permeate was about twice as high as that obtained with the empty tube equipment. Three quarters of the total solids of both permeates are ash components such as sodium, potassium, and chloride. This difference in total solids may have been caused by the corrugated membrane skin (Fig. 2c) , which suggests stretching of the membrane and, consequently, an adverse effect on the rejection. So, after a process time of 200 hr the glass beads were removed from the installation and the rejection was determined. The sodium chloride rejection of the membrane had diminished from 92.5% to 85%, which means that, due to the continuous bombardment of the glass beads, the membrane had become more open.
Additional desalting (mainly monovalent ions) may be expected when Gouda cheese whey is concentrated in a ffuidized bed RO equipment, which is not normally considered a disadvantage. A drawback is, however, that the higher content of organic material in the permeate adversely influences the costs of discharging. In the Netherlands the "Population Equivalent" is used as a unit of pollution, which is calculated on the basis of COD and nitrogen content. The population equivalents of the two permeates differed less than the difference in total solids content. The difference of a factor of 2 is found again when the COD results of the fluidized-bed and empty-tube experiments are compared, the nitrogen content remaining the same in both cases. A similar effect was achieved with the open DDS 985 and the tight DDS 995 membrane, which had the same nitrogen loss (De Boer et al., 1977) . This loss is caused by a part of the NPN fraction, the urea. Obviously the molecular structure of urea is such that it is capable of passing the open and the tight membrane. Influence of bed porosity and glass bead diameter on the permeate flux Since the permeate flux is an important factor from an economical point of view, the influence of glass beads on the permeate flux was studied under various conditions. Gouda cheese whey was used as feed solution, mostly at a process temperature of 10°C. In Figure 3 the permeate flux is given as a function of bed porosity. At a low value (0.52) the porosity of a packed bed is approached and at a high value (1 .O) that of an empty tube. Below a bed porosity of 0.65 the bed is less stable, because then bridge-like particle agglomerates are formed, and also the risk of damage to the membrane may increase. The velocity varies according to the bed porosity; for 3 mm glass beads and at a porosity of 0.52, 0.65, and 0.90 the superficial flow velocity is 0.025, 0.06, and 0.16 m/s, respectively. Figure 3 shows that the permeate flux at a volume reduction of 0% is more favorable with 3 mm glass beads than with 0.7 and 2.0 mm beads. Obviously, the momentum of the beads plays an important role. With 4 mm beads the flux is less favorable than with 3 mm beads; here the ratio bead diameter/tube diameter seems too large to ensure good results. The graph with 0% volume reduction and 3 mm beads indicates that a bed porosity between 0.65 and 0. sive action. A further understanding of the erosive action may be obtained when the results of fluidized-bed experiments are compared with those of empty-tube experiments at high velocity. Figure 4 shows the permeate flux as a function of the mass transfer coefficient for lactose. The mass transfer coefficient for the empty tube was caiculated from the known mass transfer relationship in tubes under turbulent conditions (Rautenbach and Rauch, 1977) , and the coefficient for the fluidized bed was calculated according to Van der Waal et al. (1977) . For the fluidized bed the coefficient lies between narrow limits at about 8.5 x 10m6 m/s. For bed porosity 0.52 (approaching the packed bed) and 0.90 (approaching the empty tube) we find permeate fluxes almost equal to those in an empty tube at equal mass transfer coefficient, which can be understood from the fact that in both cases the erosive action will disappear. At a bed porosity of 0.65-0.75 the permeate flux is about the same as that at a mass transfer coefficient twice as high as that obtained in an empty tube at a velocity of about 2 m/s, which suggests the specific action mentioned. Thus, the erosive action doubles the permeate flux at the same mass transfer coefficient. Apart from unconcentrated whey, Gouda whey was also used, at a volume reduction of 75Y0, in the fluidized-bed experiments with 3 mm glass beads. The curve for concentrated whey is flat, and there is no difference between results gained with the packed bed and those obtained at a bed porosity of 0.65-0.75 (Fig. 3) . The effect of the erosive action has disappeared. During concentration the viscosity of the whey increases, at a temperature of 10°C, from 1.5 mPa*s at a volume reduction of 0% to 3.2 mPa*s at a volume reduction of 75%. This increase slows down the velocity of the beads proportionally and the lower velocity decreases in its turn the momentum of the glass beads. This lower momentum may explain the disappearance of the erosive action. In Figure 5 most no difference is o,bserved. In the concentrated whey with 2 1.7% total solids, both the erosive action of the beads and the high velocity along the membrane in an empty tube seem to be insufficient to control the fouling (see also Fig.  3 , 75% volume reduction). At a volume reduction of 0% the flux obtained with the fluidized bed is high at first, but 
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OF FOOD SCIENCE-Volume 45 (1980) flux (l/m? hl decreases gradually, so that the difference from that obtained with the empty tube becomes smaller. This indicates that, especially for the fluidized bed at 0% volume reduction, the fouling cannot be fully controlled during prolonged process time. It should be realized, however, that one of the advantages of a fluidized bed, the much lower superficial velocity and hence reduced energy consumption, still holds.
Permeate flux and bacterial counts in long-term experiments Lowe and Durkee ( 197 1) observed in their experiments with orange juice that turbulence promoters cause a certain amount of self cleaning of the membrane. This is of interest from the point of view of saving on cleaning agents and increasing the process time which is available for concentration. Long-term experiments were carried out with 3 mm glass beads and a bed porosity of 0.65, since preliminary experiments had shown that in the long run a porosity of 0.65 was more effective than 0.75. Furthermore, the control of the fluidized bed appeared to be very important, a collapse of the bed causing rapid fouling of the membrane due to the low velocity of the fluid. Tests were made with Gouda whey having total solids contents of 7.5% and 15.3%. In long-term experiments (up to 60 hr without cleaning) with whey of 7.5% total solids, the flux could be restored by releasing the pressure for a few minutes every 5 hr (Fig. 6) . Furthermore, the equipment was rinsed and sterilized with a solution of 50 mg/liter active chlorine every 15 hr. The difference in permeate flux between the fluidized-bed and the empty-tube equipment which diminished during a 15-hr run, increased after this treatment in such a way that the permeate flux obtained with the fluidized bed became higher again. The restoration of the permeate flux could be observed only if rinsing and sterilization were carried out at low pressure. Probably in this way the fouling layer, or part of it, could be removed instead of being pressed on to the membrane. Figure 6 shows that by taking these measures the permeate flux is the same after 60 hr as it was in the beginning. In contrast to Figure 5, conditions in the fluidized bed were not quite optimal. As the effects of pressure release and disinfecting rinse were less pronounced with the more concentrated whey, this difference could not be eliminated. Another part of the investigation was concerned with the bacterial count of the whey, an important factor from the point of view of quality control. As the empty tube was part of the fluidized-bed installation the results could not be distinguished from those obtained with the tubes with 3 mm glass beads. The determinations indicate that there is a certain increase in bacterial count during every 15-hr run (Fig. 6) . The counts are reasonably low, if it is taken into account that the sanitary aspects of the test equipment are not optimal and that the feed was circulated for 15 hr, which is much longer than in industrial plants.
Comparison of the permeate flux of whey, skim milk and potato fruit water According to Hiddink et al. (1980) , Gouda cheese whey at a process temperature of 10°C and a velocity > 2 m/s is a low-fouling liquid. For this reason the fluidized-bed experiments included liquids which gave more serious fouling problems. As well as double-concentrated whey at a temperature of 3O"C, skim milk (80% of the protein consists of casein micelles) and potato fruit water (50% of the protein is easily coagulable) were chosen. Due to limitations of the fluidized-bed test equipment, control experiments with the empty tube were carried out in a separate installation (Wafilin). In the empty-tube experiments optimum process conditions were chosen to restrict fouling as far as possible. The process conditions for skim milk given in Table 3 were taken from Hiddink et al. ( 1980) and those for potato fruit water from Meindertsma (1980) . For the sake of comparison the whey experiments with the empty tube were also carried out at a velocity of 2.6 m/s.
As may be expected from previous experiments with whey and with twice concentrated whey, the fluidized bed had a somewhat higher permeate flux than the empty tube, both at 10°C and at 3O'C (Table 3) . Furthermore, there was no great difference between the flux at 10°C and that at 3O'C. At a process temperature of 3O"C, pretreatment of the whey is important to prevent fouling of the membrane, particularly at a volume reduction of 50%, as then the solubility limit of the calcium phosphate is exceeded and a deposit may be formed on the membrane. The pretreatment consisted in concentrating the whey to 50% volume reduction at 10°C and subsequently heating it to 30°C in a tank. This method is less effective than decalcification by ion exchange, by decreasing the pH from 6.5 to 6.1, or by a heat treatment at 65'C for 15 min (Hiddink and De Boer, 1979) . For skim milk and potato fruit water, the fluidized bed (3 mm glass beads, bed porosity 0.65) had a considerably lower permeate flux than did the empty tube under optimum process conditions (Table 3 ). In the fluidized-bed system the-pressure was reduced to 3 MPa, in order to restrict the permeate flux and to prevent serious fouling followed by rapid flux decline. Obviously, this fluidized bed is less suitable for preventing the fouling of the membrane than is the empty tube. Probably the momentum delivered by the glass beads is not high enough to reduce the fouling layer. For decreasing the fouling, a material with a somewhat higher mass density than glass may be more useful. It may be expected that with such a material the optimum pressure will be higher and the permeate flux will increase! The photograph (Fig. 7) shows an uncleaned membrane after RO of skim milk; the fouling layer with an imprint of a glass bead is very clear. In this type of fouling the protein may be of importance; skim milk and potato fruit water have a relatively high protein content of about 3%. Skudder et al. (1977) mentioned that in RO of skim milk the casein micelles are mainly responsible for the deposit on the membrane due to limited back diffusion especially at low flow velocities.
PRACTICAL IMPLICATIONS: & ENERGY CONSIDERATIONS
A TUBULAR fluidized-bed reverse-osmosis system is more suitable for the concentration of Gouda cheese whey than for that of more fouling liquids, such as skim milk and potato fruit water. Glass beads with a diameter of 3 mm and a fluidized bed with a porosity of 0.65 gave the highest permeate flux. As contrasted with the normal system, the modules in a fluidized-bed system are framed in a vertical position. Due to the weight of the liquid column and of the glass beads (3.5 kg per m2 membrane area) there is an additional pres-
